Primary carnitine deficiency (PCD) is an autosomal recessive disorder of fatty acid oxidation caused by mutations in the SLC22A5 gene encoding for the carnitine transporter OCTN2. Carnitine uptake deficiency results in renal carnitine wasting and low plasma levels. PCD usually presents early in life either with acute metabolic crisis or as progressive cardiomyopathy that responds to carnitine supplementation. PCD inclusion in the newborn screening (NBS) programs has led to the identification of asymptomatic adult patients ascertained because of a positive NBS in their offspring. We extensively reviewed the literature and found that 15 of 42 adult published cases (35.7%) were symptomatic. Cardiac arrhythmias were present in five patients (12%). Here, we report the ascertainment and longterm follow-up of the first case of PCD presenting with long QT syndrome. The patient presented in her early twenties with a syncopal episode caused by ventricular tachycardia, and a prolonged QT interval. Arrhythmias were poorly controlled by pharmacologic therapy and a defibrillator was installed. Syncopal episodes escalated during her first pregnancy. A positive NBS in the patient's child suggested a carnitine uptake deficiency, which was confirmed by reduced carnitine transporter activity and by molecular testing. After starting carnitine supplementation, no further syncopal episodes have occurred and the QT interval returned to normal. As precaution, a low-dose metoprolol therapy and the defibrillator are still in place. Although rare, PCD should be ruled out as a cause of cardiac arrhythmias since oral carnitine supplementation is readily available and efficient.
Introduction
Systemic primary carnitine deficiency (PCD; OMIM# 212140) is an autosomal recessive disorder of the carnitine cycle impairing fatty acid oxidation. PCD is caused by mutations in the SLC22A5 gene that encodes for the highaffinity carnitine transporter OCTN2 (Nezu et al. 1999) . Carnitine transporter defects result in renal wasting of carnitine, low plasma carnitine levels (free carnitine <5 mM), and intracellular carnitine deficiency. Carnitine allows the entry of long-chain fatty acids into mitochondria for subsequent b-oxidation. Carnitine deficiency results in defective energy production from fat during fasting or stress. The diagnosis is suspected because of low plasma carnitine levels with normal renal function and acylcarnitine profile. The diagnosis is confirmed by reduced carnitine transporter activity in fibroblasts or mutational analysis of the SLC22A5 gene.
The incidence of PCD is about 1:40,000 with a carrier rate of approximately 1% (Wilcken et al. 2003) . Patients can present early in life with acute metabolic crisis, hepatic encephalopathy, hypoketotic hypoglycemia, Reye syndrome, or sudden death. Some patients have the insidious onset of progressive cardiomyopathy with or without muscle weakness and hypotonia. Left untreated, the disease is severe and may be fatal (Stanley et al. 1991) . Carnitine supplementation prevents symptoms and reverses cardiomyopathy, supporting PCD inclusion in expanded NBS programs. Wide-scale NBS has led to the identification of asymptomatic affected mothers whose newborns screen positive for low carnitine, as well as other asymptomatic family members (Spiekerkoetter et al. 2003; Vijay et al. 2006; Schimmenti et al. 2007; El-Hattab et al. 2010; Lee et al. 2010; Li et al. 2010; Sarafoglou et al. 2010 ). However, the disorder is unlikely a benign condition in adults. Fifteen of the forty-two published cases ascertained in adulthood (35.7%) because of a positive NBS in the offspring or through family history were symptomatic (Table 1 ). Cardiac arrhythmias were described in five patients (12%) (Schimmenti et al. 2007; El-Hattab et al. 2010; Lee et al. 2010; Li et al. 2010) , as well as in heterozygous carriers of SLC22A5 mutations (Sarafoglou et al. 2010) . The impact of carnitine supplementation on cardiac abnormalities is still unclear in these patients. Here, we report the long-term follow-up of a case of PCD presenting atypically with long QT syndrome.
Case Report
A 20-year-old Caucasian woman presented with a syncopal episode caused by ventricular tachycardia. Family history was negative for long QT interval or significant cardiovascular events. Prior to the episode, she lived an active lifestyle with no episodes of hypoglycemia, liver problems, or muscle weakness. No signs of cardiomyopathy were present and echocardiogram was completely normal. Upon hospitalization, therapy with metoprolol (50 mg/day) was started and a defibrillator was implanted. Over the following 5 years, the cardiac symptoms were difficult to control with pharmacologic therapy, and the patient experienced three more syncopal events. An ECG showed prolonged QT interval (QT 355 ms; QTc 441 ms, normal range <440 ms). At age 25, she had multiple syncopal episodes after becoming pregnant. At 14 weeks of gestation, metoprolol was increased (75 mg/day) and mexiletine (450 mg/day) was added. No more episodes occurred during the remainder of her pregnancy.
PCD was eventually diagnosed after her newborn daughter screened positive for low free carnitine. The patient's plasma carnitine levels were extremely low (total carnitine: 3.0 mM, normal range 26-69 mM; free: 1.9 mM, normal range 16-60 mM). Carnitine uptake in fibroblasts was reduced to 4.8% of normal controls, and molecular analysis of the SLC22A5 gene showed two changes, c.95 A>G (p.N32S) and c.136 C>G (p.P46S) (Schimmenti et al. 2007) . Alternative genetic causes of long QT syndrome were not excluded in our patient. Treatment with high doses of carnitine (3,960 mg/day) was initiated immediately, and has been continued to date. Since the beginning of carnitine treatment, plasma carnitine levels have been within normal limits (at the last visit, total carnitine 47.95 mM, normal range 26-69 mM, free carnitine 36.05 mM, normal range 16-60 mM), no further syncopal episodes have occurred and the QT interval has returned to normal (QT 360 ms, QTc 408 ms, normal range <440 ms). Treatment with carnitine allowed lowering of the metoprolol dose (25 mg/day) and discontinuation of other drugs. However, as a precaution, our patient still carries a defibrillator. At the last cardiologic evaluation, the patient's echocardiogram remains normal. A second pregnancy was uneventful.
Discussion
Systemic PCD is a rare disorder that usually presents in childhood with metabolic crisis or with progressive cardiomyopathy. Cardiomyopathy, which is frequent in infantile patients, is not commonly seen in adults. Among reported cases, dilated cardiomyopathy was present only in one patient (Lee et al. 2010) and excluded in most of the others. Moreover, PCD mutations are no more frequent in adult patients with cardiomyopathy than in the general population (Amat di San Filippo et al. 2008) . Cardiac arrhythmias were present in five PCD patients (12%) ascertained in adulthood (Schimmenti et al. 2007; El-Hattab et al. 2010; Lee et al. 2010; Li et al. 2010 ), suggesting that carnitine uptake deficiency should be considered as a potential cause of unexplained cardiac arrhythmias. Our case also shows that a long QT interval may be present in PCD.
We did not rule out mutations in the 12 different genes associated with long QT syndromes. To our knowledge, a cardiac calcium channel mutation has been found only in one case of adult-onset PCD presenting with short QT interval (Labarthe et al. 2009) . A causal relationship between cardiac arrhythmias and PCD has not yet been established, although in our patient carnitine supplementation prevented further syncopal episodes. Long-term data are essential to establish the relationship between arrhythmias and carnitine deficiency. Recently, heterozygosity for PCD mutations has been associated with cardiac arrhythmias that resolved after carnitine treatment (Sarafoglou et al. 2010) . PCD may have a much higher incidence than originally described as has been noted in the Faroe Islands (Lund et al. 2007 ). Additionally, asymptomatic males are less likely to be identified through NBS. Although rare, PCD should be routinely investigated as a cause of cardiac arrhythmias since episodes could be prevented by oral carnitine supplementation.
